



Soil-Specific Phosphorus Fertilizer Strategies for Sustainable Agriculture in Egyptian Arid Soils

Abstract

Phosphorus (P) is an essential macronutrient for plant growth, yet its availability is often limited in arid and semi-arid soils due to fixation and immobilization processes, posing significant challenges to sustainable agriculture in regions like Egypt. This study aimed to elucidate the kinetics of phosphate release in three contrasting Egyptian soil types alluvial (Typic Torrerts), calcareous (Typic Calcids), and sandy (Typic Psamments) to optimize fertilizer management strategies. Controlled incubation experiments were conducted to evaluate the effects of two P sources (monocalcium phosphate, MCP, and phosphoric acid, P-acid), varying application rates, and incubation periods on phosphate desorption dynamics. Desorption data were fitted to multiple kinetic models, including Power Function, Elovich, First-Order, and Parabolic Diffusion equations, using statistical criteria such as coefficient of determination (R²) and standard error of estimate to determine the best descriptors. Results revealed that the Power Function and Elovich models most accurately described P release patterns across all treatments, exhibiting the highest R² values and lowest errors. Kinetic parameters, particularly release rate constants, increased significantly with higher fertilizer application rates but declined over prolonged incubation periods, reflecting progressive P sorption. A pronounced soil type × fertilizer source interaction was observed: MCP application yielded release rates in the order alluvial > calcareous > sandy soils, whereas P-acid followed alluvial > sandy > calcareous, attributable to intense P fixation via calcium phosphate precipitation in calcareous soils. Power Function-derived parameters further confirmed the superior P release capacity and cumulative quantity in alluvial soils. These findings underscore the necessity of soil-specific fertilizer selection MCP for calcareous soils to mitigate fixation and P-acid for sandy soils to enhance availability thereby improving agronomic efficiency, reducing excessive fertilizer use, and minimizing environmental risks such as eutrophication from leaching and runoff. This kinetic-based approach provides a robust framework for sustainable P management tailored to diverse Egyptian agroecosystems.
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Introduction

Phosphorus (P) is an essential, non-renewable macronutrient critical for plant growth and global food security. It plays vital roles in photosynthesis, energy transfer, and cellular processes, while adequate availability enhances root development, crop maturity, and yield (Shen et al., 2011). The Green Revolution relied heavily on phosphate rock-derived fertilizers to boost production (Gilbert, 2009). However, phosphate rock reserves are finite and geographically concentrated, raising concerns over long-term supply and geopolitical risks (Cordell & White, 2014). Simultaneously, inefficient P use in agriculture contributes to environmental degradation, primarily through runoff-induced eutrophication, which triggers algal blooms and biodiversity loss (Conley et al., 2009). Enhancing Phosphorus Use Efficiency (PUE) is thus essential for sustainable agriculture (Sharpley et al., 2013).

In arid and semi-arid regions, including Egypt, P management is particularly challenging due to prevalent soil types with high fixation capacity. Calcareous soils, dominant in desert areas, exhibit alkaline pH and high CaCO₃ content, promoting rapid precipitation of phosphate as sparingly soluble calcium phosphates (e.g., dicalcium phosphate dihydrate, progressing to hydroxyapatite) (Lindsay, 1979; Shariatmadari et al., 2006). Wahba et al., 2019). In non-calcareous soils, sorption onto Fe/Al oxides and clay minerals further limits availability (Parfitt, 1978; Xiong et al., 2022). These processes reduce P recovery by crops to often below 20%, necessitating strategies tailored to soil-specific dynamics (Sparks, 2022; El-Kherbawy et al., 2014)..

Various models describe P release kinetics, with suitability varying by soil and conditions. The Power Function (modified Freundlich) and Elovich equations frequently provide superior fits for heterogeneous soils, reflecting multiple simultaneous processes (Kafkafi & Keren, 2024; Chen et al., 2022; Monier et al., 2019). First-order and Parabolic Diffusion models are also applied but often less versatile (Amer et al., 1955; Eduah et al., 2019). No universal model exists, emphasizing the need for soil-specific evaluations (Sparks, 2022).

Very little systematic work has been conducted to compare P release kinetics across these major Egyptian soil types under a consistent experimental framework. Furthermore, the interaction between different, commonly used P fertilizer sources (e.g., water-soluble monocalcium phosphate versus acidic phosphoric acid) with these specific soil types remains poorly quantified from a kinetic perspective. Understanding these interactions is crucial for developing tailored, efficient, and environmentally sound P management strategies.

This study aimed to: (1) characterize P release kinetics in alluvial (Typic Torrerts), calcareous (Typic Calcids), and sandy (Typic Psamments) Egyptian soils; (2) determine the best-fitting kinetic models (First-order, Power Function, Elovich, Parabolic Diffusion); and (3) evaluate effects of P source, application rate, and incubation period on release parameters. Findings will inform soil-specific Best Management Practices to improve PUE, crop productivity, and environmental protection in Egyptian agroecosystems.

Material and Methods

Soils

Three different soils representing the cultivated area are used, a clay Nile alluvial soil from El-Menofia Governorate (Typic torrerts), A calcareous soil from  Mariot (Typic Calcids) and sandy soil from Wadi El-Natron area (Typic Psamments) according to Soil Survey Staff., 2022 and Sharma and Kaur, 2025; Barrow and Debnath, 2014; Mahdi and Mouhamad, 2018; Mayakaduwa et al., 2023 and Sherine et al., 2014. The physical and chemical properties were determined according to Jackson, 2005 are presented in table (1).
	Table (1) Some physical and chemical properties of the studies soils

	Soil type
	pH
1:2.5
	EC

1:5
	OM
%
	T. CaCO3
%
	A. CaCO3
%
	Clay
%
	Available P (Olsen)

	Alluvial
	8.30
	0.24
	0.55
	23.75
	11.58
	10.50
	8.50

	Calcar.
	8.00
	0.25
	0.41
	3.00
	0.2
	1.50
	5.50

	Sandy
	8.17
	0.36
	2.00
	0.54
	0.51
	62.5
	10.00


2.2 Kinetic study

Plastic pots were filled with 200g of the three surface soil samples. The pots received four rates of applied phosphate fertilizer namely (0, 30, 60, and 90 ppm P/kg soil) as Ca (H2PO4)2.(MCP) or phosphoric acid (P-acid) solutions to keep the moisture content at 60% of the total water holding capacities. Each treatment was replicated twice with total number of 24 pots for each soil.  The irrigation cycles were repeated every week by distilled water to replenish the evaporated water. Soil samples were incubated for two, eight and sixteen weeks in controlled growth chamber at 300C. After the last irrigation for each incubation time, the pots were air- dried and then eight pots were separated and prepared for the kinetic study.

Kinetics of phosphate desorption was studied by placing 3.0 g of air dry soil samples into 250 ml - Erlenmeyer flasks. A 50-ml volume of distilled water was added to the flasks. To each flask 3.0 g of Dowex 1x8 anion exchange resin in Cl- form was used in this study to estimate the amount of phosphate desorbed from the studied soils. 

The flasks were vigorously shaken used end over end shaker for various time intervals, (i.e.1, 5, 10, 30 min; 1, 2, 6 hr.; 1, 2, 4, 7, 10 and 14 days). The resin was separated from the suspension on a 0.5mm sieve. The soil particles were removed from the resin by a stream of distilled water. The resin was then transferred to a funnel with whatman filter paper No.(1) and the phosphate was separate off  the  resin with 1 N Na2SO4 solution. The filtrate was collected in 50ml volumetric flask and analyzed for phosphate according to Abhiram, and Eeswaran, 2022; Ahmed, et al., 2023. 

2.3 Kinetic models used

The P-release data were fitted, using regression analysis to the four kinetic models namely; modified Freundlich (q= Kd t b\ ), Elovich models ( q = 1/ß ln αß +1/β ln t) representing the empirical models and parabolic diffusion (q = b + R t 0.5) and first-order kinetic models [ log q0 – q ) = log q0 – k1t]  representing the theoretical models (Sparks, 2013) using excel software (Jelen, 
Where: 

            q  = the amount of phosphate desorption in time t

            kd  = desorption rate coefficient in mg kg-1soil min-1

            b\ = intensity constant in mg P kg-1soil

            α  = a constant related to the initial rate of P release in mg P kg-1min-1
            β  = a constant in mg kg -1soil

            b  = intensity constant in mg P kg -1soil

            R = the apparent diffusion rate coefficient in mg P kg-1soil min-1
           q0 = the maximum amount of P release mg P kg-1soil   

            k1= the rate constant of the reaction in sec-1

The kinetic parameters in the four tested models namely kd, b\ of modified Freundlich, α and β of Elovich, R of the parabolic diffusion and k of the first-order models were calculated for the three soils under different treatments, compared and discussed.
 Using the constants  (kd and b\) of the modified Freundlich model, which gave the best fit to the P-release data, the initial (after 15 min) and the final (after 72 hr) quantities (q) of P-released as well as the rate of P-release dq/dt were also calculated for the three soils and compared under different treatments.  
Results 
3.1 Conformity of the P release data to the kinetic models

Phosphate release from clay soil (Typic torrerts) enriched with Mono calcium phosphate (MCP) or phosphoric acid (P-acid) at rates of 30, 60 and 90 mg P/kg soil after two weeks of incubation were fitted to the four kinetic models used in this work. The conformity of desorption data to a particular kinetic model was judged by the higher coefficient of determination (R2) and the lower standard error (SE) of the regression relation, the best fitted model(s).

Table (2) indicates that the power function (modified Freundlich) and Elovich kinetic models gave highly significant (R2) at all levels of added MCP and P-acid fertilizers at the 60 and 90 mg P kg-1 soil of (P-acid), however, all four tested kinetic models gave highly significant R2. Although the Elovich model showed the highest coefficient of determination R2, the modified Freundlich model could be the best since it showed the lowest SE value at all levels of added phosphate and for both sources of P-fertilizer used. These data suggested that the power function model best described the phosphate desorption data in alluvial clay soil (Typic torrerts).  Nevertheless, Elovich model could describe the phosphate kinetics as well. 
The first-order model and parabolic diffusion model showed less conformity; these models gave lower R2 and higher SE values compared to other used models, since they gave insignificant R2 at 30 ppm of added P-acid. Highest conformity of desorption data for all four tested kinetic models was observed with MCP compared with the P-acid. It should be mentioned that more than one model describe the kinetic data meaning that more than one mechanism controlled P desorption from the selected soils. To confirm this idea, the 14 days desorption period was divided into three reaction periods, namely, 0-60 min, 1-24 hr and 1- 14 days (Sparks, 2013) and the desorption data for each period were fitted to the four tested kinetic models used.
Dividing the entire reaction time into three period (table 3) improved the R2 values for all the tested kinetic models but maintaining the same order of preference. In few cases, however, parabolic diffusion and first-order models gave similar results for the initial desorption stage of 1-60 min, but gave insignificant R2 at longer periods of reaction (at the same levels of added P) specially at 1-24 hr reaction time.
	Table (2) Coefficient of determination (R2) and standard error (SE) values for phosphate desorption from P-enriched soils incubated for two weeks for the entire reaction time of 14 days. 

	Added P mg/kg soil
	Model name
	P-acid
	Ca(H2PO4)2.H2

	
	
	SE
	R2
	SE
	R2

	30
	Modified Freundlich
	0.10
	0.87**
	0.08
	0.82**

	
	Parabolic Diffusion
	7.65
	0.48ns
	7.7
	0.57*

	
	First-order
	0.75
	0.50ns
	0.65
	0.63*

	
	Elovich
	3.81
	0.67**
	3.25
	0.92**

	60
	Modified Freundlich
	0.08
	0.84**
	0.04
	0.94**

	
	Parabolic Diffusion
	11.1
	0.55*
	8.5
	0.73**

	
	First-order
	0.72
	0.65*
	0.39
	0.84**

	
	Elovich
	4.61
	0.92**
	1.90
	0.99**

	90
	Modified Freundlich
	0.07
	0.82**
	0.02
	0.99**

	
	Parabolic Diffusion
	12.1
	0.58*
	10.96
	0.83**

	
	First-order
	0.76
	0.63*
	0.28
	0.94**

	
	Elovich
	4.87
	0.93**
	2.99
	0.99**


	Table ( 3 ) Coefficient of determination(R2), and standard error (SE) for the kinetic models describing P-release from alluvial clay soil incubated for 2 week at dividing reaction periods

	Kinetic Model used
	P-Acid
	Ca (H2PO4)2 . H2O

	
	1-60 min
	1-24 hr
	1-14 days
	1-60 min
	1-24 hr
	1-14 days

	Modified

Freundlich
	R2
	0.97** - 0.99**
	0.92**-0.99**
	0.92** - 0.99**
	0.92* - 0.99**
	0.93* - 0.99**
	0.93*- 0.99**

	
	SE
	0.02- 0.04
	0.01-0.03
	0.001-0.009
	0.002-0.004
	0.01-0.04
	0.01-0.04

	Parabolic

Diffusion
	R2
	0.90* - 0.97**
	0.82NS - 0.98**
	0.89**-0.95**
	0.96**- 0.97**
	0.83NS-0.97**
	0.82NS-0.97**

	
	SE
	2.12-5.44
	0.77-2.35
	0.33-1.65
	1.66-2.25
	1.7-2.65
	0.64-4.37

	First -order


	R2
	0.93**-0.96**
	0.92** - 0.95**
	0.77NS-0.98**
	0.65NS- 0.66NS
	0.87*-0.96**
	0.59NS-0.87NS

	
	SE
	0.13 – 0.15
	0.09-0.27
	0.34-0.37
	0.05-0.12
	0.11-0.16
	0.26-0.42

	Elovich
	R2
	0.98**-0.99**
	0.94**-0.99**
	0.92**-0.98**
	0.95**-0.98**
	0.99**-0.998**
	0.93**-0.98**

	
	SE
	1.59-2.35
	0.32-1.18
	0.32-0.66
	1.40-2.27
	0.44-1.33
	0.32-2.64


Results obtained clearly indicate that factors such as reaction time and the rate and source of added P in addition to the type of soil could affect the fit of the desorption data to a given kinetic model, and may explain the results of other workers. It should be mention that, contrasting with our data Eduah, et al., 2019; and Sparks, D.L., et al, 2022 showing the superiority of parabolic diffusion or the first-order models over other models to describe the P-release data under their conditions. This may be emphasized that reaction of phosphate under arid and semiarid region may be varied compared to podzolic soils. Similar results were obtained with the calcareous soil (Typic Calcids) and the sandy soil (Typic psamments) studied. 
Very similar results were also obtained when the three soils were incubated with P fertilizers for 8 and 16 weeks. The superiority of the power function and or Elovich model to describing P desorption from soil was also demonstrated by Sathiyamurthi, and Sivasakthi, 2024, Sherine et al., 2014. On the other hand, Chen, et al., 2022 reported the diffusion model to give the best fit for the P desorption data from soil. Eduah, et al., 2019; and Sparks, D.L., et al, 2022 suggested the kinetics of phosphate sorption / release can be described by an expression that is approximated at the beginning times by a fractional-power model, at intermediate times by the Elovich model, and at long times by an apparent first-order model.

3.2 Rate constants of P release in different soils as affected by types and concentrations of fertilizers applied  

The apparent rate coefficient of phosphate desorption kd in alluvial soil (Tables 4 & 5) consistently increased with the rate of fertilizer added. It nearly doubled and tripled when MCP was added at rates of 30 and 90 ppm after two weeks of incubation respectively. The same trend was observed in the P-acid treatment except that kd values were slightly higher, probably due to the lower pH of the fertilizer source.

Incubating the soil with P-fertilizers up to 16 weeks considerably decreased the apparent rate of P-desorption kd at all rates of fertilizer added. The immobilization of soluble phosphate added with longer period of contact and the wetting and drying cycle was probably responsible for the nearly 40 % reduction in kd values. It is noteworthy that incubating the fertilized soil for 8 weeks gave kd values similar to those after 2 weeks of incubation. 
The kd constant of phosphate release in the calcareous soil was considerably affected by both the rate of added phosphate fertilizer and the time of soil incubated with the fertilizer. After two weeks of incubation kd increased from 3.36 to 8.97, 14.99 and 23.39 by increasing the application rate of added MCP from 0 to 30, 60 and 90 mg P/ kg soil respectively. The corresponding increase in P-acid treated soil was only from 3.27 to 8.61, 9.98 and 10.96. These data suggest that P-acid fertilizer is much more immobilized in calcareous soil than in non-calcareous soil. Apparently, the high acidity of P-acid dissolves CaCO3 giving high concentration of Ca that immobilizes more P. The kd values for the alluvial clay soil were higher than for the calcareous soil at almost all rates of added MCP and P-acid and at all periods of incubation indicating the much higher rate of P-release and phosphate mobility in clay alluvial soil. 

The kd constant of phosphate release in the calcareous soil was considerably affected by both the rate of added phosphate fertilizer and the time of soil incubation with the fertilizer. After two weeks of incubation, kd increased from 3.36 to 8.97, 14.99, and 23.39 by increasing the application rate of added MCP from 0 to 30, 60, and 90 mg P/ kg soil, respectively. The corresponding increase in P-acid-treated soil was only from 3.27 to 8.61, 9.98, and 10.96. These data suggest that P-acid fertilizer is much more immobilized in calcareous soil than in non-calcareous soil. Apparently, the high acidity of P-acid dissolves CaCO3, giving a high concentration of Ca that immobilizes more P. The kd values for the alluvial clay soil were higher than for the calcareous soil at almost all rates of added MCP and P-acid and at all periods of incubation, indicating the much higher rate of P-release and phosphate mobility in the clay alluvial soil.

The apparent rate coefficient of P-release (kd) in sandy soil, at the same rates of MCP application and incubation periods, was much less than in alluvial clay and calcareous soils. Evidently the low specific surface and consequently adsorbed P is probably responsible for the much lower release rate. In P-acid-treated soil, however, the kd values were higher than for the calcareous soil but still much lower than for the alluvial clay soil. The average values of kd at all rates of added MCP were 16.4, 11.1, 7.5 mg kg-1 h-1 for alluvial clay, calcareous loam and sandy soils respectively. The respective values for P-acid treated soil were 17.7, 8.1 and 12.5 mg kg-1h-1.      

The β value in Elovich model was shown by Wahba and Zaghloul, 2024 to be inversely proportional to the soil supplying power of phosphate to plant. Chen, et al., 2022; Salcedo, et al., 2011; Salcedo, et al., 2011 also showed that the decrease in β enhance the reaction rate. Sathiyamurthi, and Sivasakthi, 2024; Amarh, et al., 2021 reported that β constant is an important parameter to define desorption rate dP/dt throughout the whole dissolution period of added phosphate. Data in table (5) showed that increasing the application rate of P-fertilizer added consistently decreased the mean values of b constant for both MCP and P-acid treated alluvial soil. The trend of β constant values followed that of kd in modified Freundlich model as affected by the rate of fertilizer added and the period of incubation, but the β value was much less sensitive to these variations.

	Table(4) kinetic apparent of modified Freundlich Kd for P release in different studied soils as affected by rate and source of added P


	Rate of added

P
	Reaction

time(week)
	                             MCP
	P-acid

	
	
	Alluvial soil
	Calcareous soil
	Sandy soil
	Alluvial soil
	Calcareous soil
	Sandy soil

	
	
	                                          kd


	kd

	0  Ppm
	2w
	7.7
	3.30
	2.36
	7.70
	3.27
	2.36

	
	8w
	7.4
	2.18
	2.95
	7.40
	2.18
	2.95

	
	16w
	7.6
	2.27
	3.25
	7.50
	2.27
	3.25

	30  ppm
	2w
	14.5
	8.97
	5.25
	14.50
	8.61
	5.26

	
	8w
	14.1
	7.83
	9.50
	13.5
	7.00
	5.37

	
	16w
	9.8
	5.25
	5.75
	10.20
	4.47
	7.40

	60 ppm
	2w
	19.5
	14.99
	6.68
	21.90
	9.98
	12.02

	
	8w
	19.5
	10.40
	7.60
	20.40
	8.50
	12.90

	
	16w
	12.3
	7.59
	7.59
	11.80
	6.17
	14.10

	90 ppm
	2w
	21.4
	23.39
	7.94
	27.50
	10.96
	17.40

	
	8w
	15.3
	12.80
	8.91
	24.00
	9.70
	20.40

	
	16w
	13.8
	8.41
	8.32
	15.10
	7.23
	17.18


	Table (5) Kinetic parameter β of Elovich model as affected by the rate and source of P-fertilizer added to different soils and period of fertilizer incubation

	Rate of added

P
	Reaction

time(week)
	MCP
	P-acid

	
	
	Alluvial

soil
	Calcareous soil
	Sandy

soil
	Alluvial

soil
	Calcareous soil
	Sandy

soil

	
	
	β
	β

	0  Ppm
	2w
	1.38
	1.50
	1.24
	1.38
	1.50
	1.24

	
	8w
	1.49
	1.17
	2.10
	1.49
	1.17
	2.10

	
	16w
	1.60
	1.34
	2.43
	1.60
	1.34
	2.43

	
	2w
	0.31
	0.76
	1.73
	0.35
	0.93
	0.68

	30  ppm
	8w
	0.30
	0.73
	1.33
	0.34
	0.78
	1.03

	
	16w
	0.30
	0.90
	0.95
	0.37
	1.00
	1.28

	
	2w
	0.21
	0.63
	1.12
	0.22
	0.88
	0.42

	60 ppm
	8w
	0.24
	0.58
	1.03
	0.23
	0.84
	0.68

	
	16w
	0.22
	0.76
	0.85
	0.25
	0.88
	0.67

	
	2w
	0.13
	0.66
	0.73
	0.19
	0.67
	0.33

	90 ppm
	8w
	0.16
	0.51
	0.60
	0.20
	0.70
	0.51

	
	16w
	0.17
	0.54
	0.55
	0.21
	0.73
	0.49


The source of added fertilizer had very little to do with the b value. The mean value of b was 0.54 for MCP against 0.57 for P-acid. At all rates of added phosphate, increasing the incubation time from two to eight and sixteen weeks slightly increased b values for the entire reaction time (14 days) from 0.51 to 0.55 and 0.57 and from 0.55 to 0.57 and 0.61 in MCP and P-acid respectively. This is expected since P-supplying power decreases with the period of incubation of P-fertilizer with soil. As with kd, the β values shows that there is an advantage of applying MCP to calcareous soil since the b values in MCP treated soil were consistently lower than those obtained for P-acid treated soil at all the rates of added phosphate fertilizer and the incubation periods. The constant α, which was suggested to be an important parameter in defining d[p]/d[t] at low time periods (Sathiyamurthi, and Sivasakthi, 2024; Amarh, et al., 2021), generally increased with increasing the application rate in both fertilizer treated soils, but showed inconsistent trend with period of incubation (not shown). The b value showed a more consistent trend with the alluvial clay soil, where it decreased, showing a high release rate with the rate of added fertilizer, and increased, showing a lower release rate with the period of incubation. At similar rates of added fertilizer and incubation periods, the b value was considerably lower in alluvial clay soil than in calcareous soil (nearly 1/3), indicating the much higher apparent release rate in the alluvial soil. Again, increasing the application rate of P fertilizer to sandy soil consistently decreased the mean values of β. This indicates that the 1/β value shows a similar trend to that of kd. The P-acid fertilizer exhibited considerably lower b values, indicating that again P-acid is superior to MCP in sandy soils as a source of P fertilizer. The β value in P-acid treated sandy soil increased with incubation indicating that the progressive immobilization of P with the time of contact with the soil. However, it slightly decreased with time of incubation in MCP treated soil suggesting slight mobilization of the MCP. This trend was not indicated by changes in kd values. 

Both the first-order model and parabolic Diffusion model showed less conformity to describe the kinetics of phosphate release. Nevertheless, the diffusion rate coefficient (R) and the first order rate constant k1 showed similar trends to that of kd in modified Freundlich model.

3.3 Amounts and rates of P-release in different soils 

The P desorption capacities of the studied soils were assessed through the quantities of P-release after 0.25 (Qin) and 72 hr (Qf) of the reaction with the anion exchange resin. These quantities were calculated according to modified Freundlich model (q = kd tb\) at the different rates of add P (MCP and P-acid) and after incubating the soil for 2 and 16 weeks (Tables 6 and 7). The modified Freundlich model was shown to best fit the P-desorption data in all three soils compared to other tested models. The P desorption capacity of the untreated alluvial soil was nearly twice that of the calcareous soil and three times as the sandy soil. 

The initial P desorption rate dq/dt = kd b\  t b\ -1  of the  untreated  soils  after  0.25 h (kin)  were  1.2, 1.8 and 3.0 mg kg-1 h-1 for sandy, calcareous and alluvial soils and the final rates after 72 hr were 0.006, 0.012, and 0.18 mg kg-1 hr-1 respectively. Again the rate of P desorption of the untreated soils was alluvial soil ( calcareous soil  (   sandy soil. These results are comparable with those obtained by Abhiram, and Eeswaran, 2022 and Ahmed, et al., 2023. 

The addition of 90 mg P kg-1 soil as MCP increased the amount of Qin and Qf to as much as 32 and 75 mg P kg-1 respectively, and increased Rin and Rf   as high as 19.2 and 3.0 mg kg-1 h-1 in the alluvial soil. Again the amount of P release (Qin and Qf ) and the rates of P-release (Rin and Rf) followed the same order: alluvial soil ( calcareous soil ( sandy soil. 

Apparently the higher specific surface and the slightly lower pH of the alluvial clay soil are major contributors to these results. The very low surface area of the sandy soil and the slightly higher pH favors the irreversible precipitation of phosphate over the sorption-desorption reactions.

 Incubating the soil for 16 weeks decreased the desorbed P in the alluvial soil receiving 90 mg kg-1 to 65 - 70 % of its value after 2 weeks of incubation; the respective decrease in the calcareous soil was 40 - 66 %. In sandy soil, however, the desorbed P slightly increased with increasing the period of incubation, this result may be due to the structureless of this type of soil.

When the added P was in the form of P-acid in the calcareous and sandy soils, the amount of P release and the rate of P release were altered specially at high rate of P application (90-mg kg-1). Both the amount and the rate of P desorption in the calcareous soil was considerably lower compared to MCP, but vice versa in the sandy soil. It was suggested that P-acid reacted with CaCO3 in the calcareous soil leading to the rapid precipitation of Ca-phosphate and to the decrease in the amount and rate of P desorption, this result could be due to the structureless of sand soil.
	 Table ( 6 ) Phosphorus desorption kinetic parameters for the studied soils enriched with three P levels and incubated for two weeks

	Soil 

Type


	Soil P added

mg/kg


	MCP
	P-acid

	
	
	Desorbed soil P (q)
	rate of Soil P desorbed (dq/dt)
	Desorbed soil P (q)
	rate of Soil P desorbed (dq/dt)

	
	
	mg kg-1
	mg kg-1 h-1
	mg kg-1
	mg kg-1 h-1

	
	
	initial
	final
	initial
	final
	initial
	final
	initial
	final

	Alluvial
	0
	9.5

21

32


	15

43

75
	3.0

10.8

19.2
	0.02

0.06

0.18
	9.5

21

37
	15

43

69
	3.0.

12.6

22.2
	0.02

0.06

0.12

	
	30
	4.5

11.5

27
	8.0

19

35.5


	1.8

4.2

5.4
	0.01

0.02

0.02
	4.5

11

14
	8.0

17

23
	1.8

3.6

4.8
	0.01

0.02

0.03

	
	90
	3.0

6

10.5
	5.5

9.5

18.5
	1.2

1.8

4.2
	0.006

0.01

0.02


	3.0

7.5

23
	5.5

15.5

40
	1.2

3.6

9.0
	0.006

0.03

0.05

	Calcar.
	0
	9.5

21

32


	15

43

75
	3.0

10.8

19.2
	0.02

0.06

0.18
	9.5

21

37
	15

43

69
	3.0.

12.6

22.2
	0.02

0.06

0.12

	
	30
	4.5

11.5

27
	8.0

19

35.5


	1.8

4.2

5.4
	0.01

0.02

0.02
	4.5

11

14
	8.0

17

23
	1.8

3.6

4.8
	0.01

0.02

0.03

	
	90
	3.0

6

10.5
	5.5

9.5

18.5
	1.2

1.8

4.2
	0.006

0.01

0.02


	3.0

7.5

23
	5.5

15.5

40
	1.2

3.6

9.0
	0.006

0.03

0.05

	Sandy
	0
	9.5

21

32


	15

43

75
	3.0

10.8

19.2
	0.02

0.06

0.18
	9.5

21

37
	15

43

69
	3.0.

12.6

22.2
	0.02

0.06

0.12

	
	30
	4.5

11.5

27
	8.0

19

35.5


	1.8

4.2

5.4
	0.01

0.02

0.02
	4.5

11

14
	8.0

17

23
	1.8

3.6

4.8
	0.01

0.02

0.03

	
	90
	3.0

6

10.5
	5.5

9.5

18.5
	1.2

1.8

4.2
	0.006

0.01

0.02


	3.0

7.5

23
	5.5

15.5

40
	1.2

3.6

9.0
	0.006

0.03

0.05


Initial: after 0.25 h

Final: after 0.72 h
	Table ( 7 ) Phosphorus desorption kinetic parameters for the studied soils enriched with three P levels and incubated for sixteen weeks

	Soil 

Type


	Soil P added
	MCP
	P-acid

	
	
	Desorbed soil P (q)
	rate of Soil P desorbed (dq/dt)
	Desorbed soil P (q)
	rate of Soil P desorbed (dq/dt)

	
	
	mg kg-1
	mg kg-1 h-1
	mg kg-1
	mg kg-1 h-1

	
	mg/kg
	initial
	final
	initial
	final
	initial
	final
	initial
	final

	Alluvial
	0
	9
	12.5
	2.4
	0.01
	9
	12.5
	2.4
	0.01

	
	30
	15
	34.5
	8.4
	0.06
	14.5
	30.0
	7.8
	0.06

	
	90
	21
	53
	53.0
	0.12
	22.0
	49.0
	12.6
	0.06

	Calcar.
	0
	3.5
	8.0
	1.8
	0.01
	3.5
	8.0
	1.8
	0.01

	
	30
	7.0
	13.0
	3.0
	0.02
	5.0
	7.0
	1.20
	0.006

	
	90
	11.5
	23
	5.4
	0.04
	9.0
	14.0
	3.0
	0.02

	Sandy
	0
	4.0
	6.5
	1.2
	0.006
	4.0
	6.5
	1.2
	0.006

	
	30
	8.0
	14.5
	3.6
	0.02
	9.0
	13.5
	2.4
	0.01

	
	90
	11.5
	23.0
	5.4
	0.04
	21.5
	34.0
	6.6
	0.04


     Initial: after 0.25 h

    Final: after 0.72 h 

In the sandy soil, however, having very low buffering capacity, P-acid probably decreased the pH and increased phosphate solubility.

4. Discussion

Phosphate interactions with clay minerals are a key factor controlling phosphorus availability in alluvial soils. Clay minerals such as kaolinite, Illite, and Smectite provide reactive surfaces that adsorb and retain phosphate ions, affecting their mobility and plant availability. Understanding these interactions is essential for optimizing phosphorus fertilizer use and improving nutrient management strategies in agricultural systems.

Mechanisms of Interaction in alluvial soils can be summarized as follow:
· Specific Adsorption (Ligand Exchange): Phosphate ions (H₂PO₄⁻, HPO₄²⁻) strongly bind to hydroxyl groups on the edges of clay minerals. This occurs through ligand exchange, where phosphate replaces OH⁻ or H₂O groups on the mineral surface, forming inner-sphere complexes that are relatively stable and reduce phosphorus mobility.
·  Electrostatic Attraction at lower pH, positively charged clay edges attract negatively charged phosphate ions. This outer-sphere adsorption is reversible and contributes to short-term phosphate retention.

· Surface Precipitation on clay mineral surfaces, phosphate can nucleate with Fe³⁺, Al³⁺, or Ca²⁺ ions released from mineral weathering, forming secondary phosphate minerals such as Fe- and Al-phosphates or Ca-phosphates, which further immobilize phosphorus.

· Role of Soil pH and CEC in alluvial soils often have moderate-to-high cation exchange capacity (CEC), which enhances phosphate retention. Their slightly lower pH compared to calcareous soils increases Fe and Al solubility, favoring Fe/Al-phosphate precipitation.

· Competition with Other Anions such as organic acids, sulfate, and silicate can compete with phosphate for adsorption sites on clays, influencing phosphate availability and potentially increasing desorption under certain conditions.

[image: image2.png]—
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Figure (1) Interaction between phosphate and clay minerals in alluvial soils

High clay content generally enhances phosphate retention and minimizes leaching losses, but may also restrict availability by fixing P in non-labile forms. To enhance P-use efficiency, management strategies such as banded fertilizer placement, application of organic amendments, and inoculation with phosphate-solubilizing microbes are recommended. These practices improve phosphate solubility, synchronize availability with crop demand, and reduce fixation losses.

The modified Freundlich and Elovich kinetic models were most suitable for describing P-release, indicating that surface-mediated processes dominate phosphate dynamics.

The observed decline in kd values with prolonged incubation highlights the time-dependent immobilization of phosphorus. This decline can be attributed to precipitation of Ca-phosphates in calcareous soils, occlusion of P within micropores during wetting–drying cycles, and transformation into less available mineral forms. These findings are consistent with Chen et al. (2022) and Salcedo et al. (2011), who reported similar time-dependent P fixation. The marked reduction in P release after 16 weeks further underscores the importance of synchronizing fertilizer application with crop demand.

In calcareous soils, phosphate reactions are dominated by adsorption onto CaCO3 surfaces, precipitation of sequentially less soluble Ca–P minerals (dicalcium phosphate, octacalcium phosphate, hydroxyapatite), and the strong pH-buffering effect of CaCO3. The high surface area of CaCO3 particles provides abundant sites for these reactions. Organic matter inputs and root exudates can partially counteract this fixation by complexing Ca²⁺ or dissolving Ca–P minerals, while microbial activity enhances solubilization through acidification or enzyme release.

The contrasting responses of MCP and P-acid across soils provide key insights for fertilizer management. MCP was more effective in calcareous soils due to its gradual dissolution and lower tendency to induce Ca-phosphate precipitation compared with P-acid, which rapidly acidifies the soil and promotes Ca²⁺ release, leading to greater immobilization. Conversely, P-acid was more effective in sandy soils, where its acidifying effect improves phosphate solubility and mobility. These results agree with Amarh et al. (2021), who highlighted the importance of soil carbonate content and buffering capacity in determining the efficiency of different P fertilizers.

The differences observed among alluvial, calcareous, and sandy soils emphasize the significance of soil texture and mineralogy. Alluvial soils, with their high surface area and slightly lower pH, exhibited the highest P desorption capacity, while sandy soils showed rapid release but limited retention, increasing the risk of leaching losses. This suggests that controlled-release fertilizers or split applications are particularly beneficial for sandy soils to reduce nutrient losses.

From a sustainability perspective, these findings highlight the need for soil-specific nutrient management strategies. Integrating mineral fertilizers with organic amendments and biofertilizers can mitigate fixation, promote gradual P release, and improve phosphorus-use efficiency. Such integrated approaches are vital for supporting sustainable agriculture in Egypt.

Although this study provides important insights under controlled incubation conditions, future research should incorporate field experiments considering plant–soil interactions, root exudation, microbial activity, and moisture dynamics, as these factors can significantly influence P behavior in real agricultural systems.

The results of this study demonstrate that phosphate release in soils is a complex, multi-mechanistic process governed by soil type, fertilizer source, application rate, and incubation period. The superior conformity of the data to the power function (modified Freundlich) and Elovich models indicates that P release is predominantly controlled by surface-mediated reactions and heterogeneous adsorption sites, rather than simple diffusion processes. These findings corroborate previous studies (Sathiyamurthi & Sivasakthi, 2024; Sherine et al., 2014), which also emphasized the relevance of these models for soils with diverse mineralogy and surface reactivity.

The relatively weak conformity of the first-order and parabolic diffusion models suggests their limited applicability for short-term desorption studies. These models may better represent long-term or equilibrium-controlled processes, as observed by Eduah et al. (2019) and Sparks (2022). This distinction is critical because phosphate dynamics in arid and semiarid soils, such as those in Egypt, are dominated by stronger immobilization mechanisms compared to temperate soils, where diffusion often plays a more significant role.

5.4. Environmental Implications and Assessment (EIA)
Beyond the agronomic perspectives, the kinetic parameters derived from this study allow for a preliminary environmental impact assessment (EIA) of the different P-management strategies. The risk of non-point source pollution, particularly through phosphate leaching and runoff, is a major concern in both agricultural and environmental sciences [Citation, e.g., a key review paper].

Our findings provide critical insights into mitigating this risk. The severe immobilization of P from phosphoric acid (P-acid) observed in the calcareous soil (Typic Calcids), while agronomically unfavorable, indicates a significantly lower environmental leaching potential. The slow release kinetics (low k_d and high β values) mean that less soluble P is available to be moved vertically through the soil profile or horizontally via runoff. Conversely, the higher release rates and quantities in the alluvial and sandy soils treated with their preferred P-sources (MCP and P-acid, respectively) suggest a higher risk of P loss if not managed correctly with precise timing and irrigation. Therefore, the soil-specific fertilizer recommendations are directly linked to environmental protection:

· For Calcareous Soils: Using MCP, as recommended, not only ensures better plant availability but also prevents the extreme immobilization caused by P-acid. This avoids the need for excessive fertilizer application to overcome fixation, which is a primary driver of environmental P loading.

· For Sandy Soils: The recommendation of P-acid is a double-edged sword that requires careful management. While it provides superior availability, the high permeability of sandy soils combined with the rapid release from P-acid creates a high risk for leaching. Implementation must be coupled with split applications and drip irrigation to minimize losses.

· For Alluvial Soils: The high P-release capacity, while beneficial for crops, necessitates vigilant management to prevent runoff into water systems, especially after heavy rainfall or flood irrigation.

5. Conclusion

This study clearly demonstrates that phosphate desorption in Egyptian soils is significantly influenced by soil type, fertilizer source, application rate, and incubation period. The modified Freundlich and Elovich kinetic models were most suitable for describing P-release, indicating that surface-mediated processes dominate phosphate dynamics. Alluvial clay soils exhibited the highest P-release, followed by calcareous and sandy soils. Concerning the BMP should be applied, Ca (H2PO4)2 proved more effective in calcareous soils, whereas P-acid enhanced P availability in sandy soils while both of them can be applied in alluvial soils. Prolonged incubation led to a marked decline in P availability, underlining the need for well-timed fertilizer applications. These findings underscore the importance of soil-specific nutrient management strategies, including integrated use of mineral and organic fertilizers, to optimize phosphorus use efficiency and improve crop productivity in sustainable farming systems. In conclusion, the kinetic approach employed here transcends mere agronomic optimization. It serves as a predictive tool for environmental risk.
Highlights 

· Power Function and Elovich models best described phosphate release kinetics across contrasting Egyptian soils under varying fertilizer applications.

· Significant soil type × fertilizer source interaction: monocalcium phosphate performed better in calcareous soils, while phosphoric acid was superior in sandy soils.

· Phosphate release rates increased with application rate but decreased with incubation time, highlighting progressive sorption processes.

· Alluvial soils exhibited the highest phosphorus release capacity and quantity based on kinetic parameters.

· Soil-specific fertilizer selection enhances agronomic efficiency and reduces environmental risks in arid agroecosystems.
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